Abstract-Membrane technologies, in particular, electrodialysis, are increasingly being used to stabilize and condition juices and wines. This work is aimed at finding environmentally appropriate "mild" methods for regeneration of anion-exchange membranes that are used in these processes. It has been shown that the fouling of anion-exchange membranes by grape wine components leads to an increase in both their electrical resistance by 30 or more times and thickness. The behavior of the resistance and its values in grape juice and wine for the investigated membranes are similar, apparently, due to the similar chemical composition of these liquid media. Treatment with NaCl solutions leads to partial degradation of the formed colloidal particles as a result of to the salting-out effect. The higher the salt concentration in the regenerating solution, the closer the conductivity values of the regenerated membranes are to the original values. The thinner the membrane and the larger its pores, the faster and more complete the regeneration process. If the contact time of anionexchange membranes with wine does not exceed 70 h, salt regeneration can almost completely restore their selectivity. For example, in the case of homogeneous AMX-Sb membrane, the transport numbers of the counterion Cl − in the initial and regenerated samples differ by no more than 1%. In the case of heterogeneous MA-41P membrane, this difference increases to 3%.
INTRODUCTION
Membrane processes are gradually replacing traditional methods for separation, purification, demineralization, dealcoholization, clarification, pH adjustment, and stabilization of juices and wines [1] [2] [3] . First, their use reduces not only production costs due to continuous and controlled automatic operation, but also energy costs and loss of desired products. Second, the quality of the finished product is improved, since membrane technologies do not imply the introduction of additional chemicals into wine materials and juices. Third, the problem of waste disposal is solved, for example, by eliminating the use of kieselguhr filters. The greatest progress was achieved in the field of wine clarification and stabilization [4, 5] using micro-and ultrafiltration. Electrodialysis (ED) is the most attractive in the case of wine tartrate stabilization, which consists in the selective removal of potassium hydrogen tartrate from wine [1, 6, 7] . The application of this method leads to a decrease in the loss of wine and wholesome components (catechins, leucoanthocyanins, anthocyanins) as compared with the cold stabilization and UV irradiation methods [8, 9] . Elecrtodialysis with bipolar membranes allows tartrate stabilization to be run in a reagentless mode with simultaneous correction of the pH of wine materials and fruit juices and has no analogues among traditional methods [1, 10] .
Another rapidly growing field of application of ED is wastewater treatment and the creation of water recycling systems in the food and alcoholic and nonalcoholic beverage industries [11, 12] , as well as the recovery of antioxidants from winemaking waste or increasing their concentration in fruit juices [13] .
Fouling of ion-exchange membranes, which is accompanied by an increase in electrical resistance [12, 14] and a decrease in the performance of membrane modules, is an obstacle to more intensive introduction of ED methods for the processing of wine materials and other liquid media in the food industry. In [14, 15] , we found that anion-exchange membranes degrade much faster than cation-exchange membranes. The main cause of this degradation is the formation of colloidal systems, with polyphenols (anthocyanins and tannins) playing a determining role in their formation [16, 17] . At the first stages of fouling, anthocyanins penetrate into the bulk of anion-exchange membranes and the membrane surface is enriched in their associates with tannins [16] . As the contact time with wine increases, these associates gradually fill the membrane volume. The larger the pores and the smaller the thickness of the membrane, the faster is the diffusion of polyphenols into the bulk of the membrane [16] .
According to Mikhaylin and Bazinet [18] , the share of regeneration and membrane replacement procedures in the total cost of the process in the food industry can range from 20-30% (pressure-driven membrane processes) to 40-50% (electromembrane processes).
The most common scheme for the regeneration of membrane arrays in ED processes used in the food industry is a daily sequential washing with alkali and acid solutions [18, 19] or perchlorate solutions [20] . However, long-term use of these solutions leads to the degradation of ion-exchange membranes and the loss of their ability to selectively separate ions [20] [21] [22] . In addition, there is a need to create additional sewage treatment facilities in order to preclude the discharge of the wastewater into the environment.
This study is aimed at finding environmentally appropriate "mild" methods for regeneration of anion-exchange membranes (AOMs) after their contact with wine or juices. The aim of the study was to examine the influence of wine components on the structural and transport characteristics of AOMs, as well as to analyze the transport characteristics of AOMs before and after their regeneration with NaCl solutions.
OBJECTS AND METHODS OF STUDY
2.1. Membranes We investigated homogeneous AMX and AMX-Sb anion-exchange membranes (Astom, Japan) and an MA-41P (Shchekinoazot, Russia) heterogeneous membrane. The homogeneous membranes are made by the paste method [23] . The matrix of ion-exchange material of such membranes is a copolymer of styrene and divinylbenzene, and polyvinyl chloride grains serve as an inert filler. The reinforcing fabric is made of polyvinyl chloride. The MA-41P heterogeneous macroporous membrane is produced by hot pressing of AV-17-2P anion-exchange resin powders and high-density polyethylene as an inert binder. The macroporous resin AV-17-2P is a regularly crosslinked copolymer of divinylbenzene and polystyrene. The reinforcing fabric is a nylon mesh. The fixed groups of all the membranes under study are mainly quaternary ammonium bases (-N + (CH 3 ) 3 ); in addition, there is a certain amount of secondary and tertiary amines: (-NH ), -NH 2 (CH 3 ) + ). Some characteristics of these membranes are given in Table 1 .
Chemicals
The materials used in the experiments were distilled water (electrical conductivity 1.1 ± 0.1 μS cm −1 ; pH 5.5; 25°С), solid NaCl of the analytical grade (Vekton), and dry red wine made from Mourvedre, Syrah, and Grenache grapes (pH 3.5, ethanol content 12 vol %).
Algorithm of Research
Step 1. Before conducting experiments, the membranes were subjected to standard salt pretreatment [24] and equilibrated with 0.02 M NaCl solution. Each sample was divided into several portions. Two of them were balanced with 0.1 M NaCl solution and used to determine the concentration dependences of conductivity (specimen size 3 × 3 cm 2 ) and the integral diffusion permeability coefficient (specimen size 6 × 6 cm 2 ) of membranes in NaCl solutions. In the text, these samples are termed "initial membranes."
Step 2. One sample of each membrane preliminarily equilibrated with 0.02 M NaCl solution (specimen size 3 × 3 cm 2 ) was immersed 250 cm 3 of red wine or grape juice placed in a container with a lid. The containers were placed on an Ecopribor 43.0034.00.00 shaker. At certain intervals, the lid was opened and the resistance of both the wine (juice) and the immersed sample was measured, as well as the sample thickness. The wine (juice) was replaced by a new portion in which the test sample was held until the next measurement.
Samples of 6 × 6 and 2 × 8 cm 2 in size for each membrane were prepared in wine in the same manner. All of these samples are denoted with subscript w. In the text, they are termed "membranes after contact with wine." Step 3. The regeneration of the membranes after contact with wine was carried out as follows. Method 1. A 3 × 3 cm 2 sample was removed from the wine, washed with distilled water, and then immersed in an airtight vessel that contained 250 cm 3 of 0.02 M NaCl solution. At regular intervals, this solution was replaced with a new portion and the resistance of the NaCl solution and the sample placed in it was measured. The test sample was held in this solution until the next measurement.
Method 2. A membrane sample of an 8 × 2 cm 2 size was taken out of wine and divided into four specimens equal in area. The specimens were placed singly in containers with 20 cm 3 of NaCl solution of a given concentration: 0.02, 0.05, 0.10, and 0.50 mol/L. At regular intervals (3 h), each of the specimens was placed in a beaker containing 250 cm 3 of NaCl solution of the same concentration, in which the resistance of the solution and the specimen immersed in it were measured for 5 min; and the specimen was returned to the container filled with a fresh portion of the solution. All the operations were conducted at a temperature of 25 ± 1°C.
Procedures for Measuring Membrane
Characteristics Membrane thickness (d) was monitored using an MKTs-25 0.001 high-precision digital micrometer with an accuracy of 1 μm and a lead error of 0.1 μm. The thickness of the membranes was taken as the average of the results of ten measurements made at various points of the test sample.
The chemical composition of air-dry AOM samples and a sample of wine dried at room temperature to an airdry state was determined by Fourier-transform IR spectroscopy using a Bruker Optics Vertex-70 spectrometer (Germany) in the range of 4500-450 cm −1 . Before each investigational run, a background spectrum was measured, which was then automatically subtracted from the absorption spectrum of the sample using the OPUS™ software. The intensity of the spectra obtained for various samples was normalized by that of the peak at 1440-1460 cm −1 (this peak corresponds to vibrations of CH 2 groups). Note that the thus-normalized intensities do not differ from the absolute values of the IR signal for the initial ionexchange membranes, but they are greater by a factor of 1.1 than the absolute values in the spectra of the membranes after contact with wine and smaller by a factor of 1.5 than these values for the wine. This normalization was done in order to unify the IR spectra obtained for objects that differ in optical quality.
Specific electrical conductivity (κ) of anionexchange membranes was determined by the differential method using a clip cell [25, 26] and a Motech MT4080 RLC meter (Taiwan) at an ac frequency of 1 kHz. All samples were studied in NaCl solutions using successive balancing with 0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 M solutions. In the case of studying the membranes after contact with wine, the sample was in contact with each of the NaCl solutions for 3 h.
The electrical conductivity (κ) of the membranes was determined by the equation: (1) where R m + s is the resistance of the membrane and solution; R s is the resistance of the solution, d m is the membrane thickness.
The obtained concentration dependences of the specific conductivity of the membranes and the equilibrium solution were presented in logarithmic coordinates (logκ m -logκ s ) and the volume fraction of the intergel phase f 2 was found from the slope of the straight lines obtained. According to the microheterogeneous model [27] , which was used to find this parameter, the value of f 2 corresponds to the proportion of the electroneutral solution that occupies the pore centers in the membrane.
The diffusion characteristics of the AOMs were investigated using a two-compartment flow cell [28] . The membrane separated two channels: distilled water was pumped through one of them (channel I), and NaCl solution of a given concentration was passed through the other (channel II). Before the experiments, all the samples were equilibrated with a 0.25 M NaCl solution. The first measurements were carried out for the 0.25 M concentration of NaCl solution in channel II. Then, this concentration was successively increased to a value of 2.0 mol/L. The test membrane was in contact with each of the solutions for 3 h. The schematic of the cell and the experimental and data processing procedures are detailed in [29] .
The transport numbers of counterions (T Cl ) and coions (T Na ) in the test membranes were obtained using the concentration dependences of the specific conductivity and the integral coefficient of diffusion permeability (P) of the membranes. The procedure for their determination and formulas for the calculation are presented in [30] :
where F is the Faraday constant; R is the gas constant; T is the temperature; C is the electrolyte (NaCl) concentration; and P* is the differential diffusion permeability coefficient, which is related to the integral diffusion permeability coefficient of the membrane by the equation:
With allowance for Eq. (4), the values of the differential diffusion permeability coefficient were determined using the following relation [31] : (5) The coefficient β was found as the slope of the concentration dependence of the integral diffusion permeability coefficient in the logarithmic coordinates. In accordance with the generally accepted definition [34] , T Cl values give an insight into selectivity of the membranes. *
( 1). P P = β + Figure 1 shows the kinetic dependences of resistance of the AOMs in contact with the juice or wine. Figure 2 presents the kinetic dependences of the conductivity and thickness of the same membranes in contact with wine, which are normalized to the corresponding values obtained in a 0.02 M NaCl solution. This normalization makes it possible to estimate the degree of membrane fouling in comparison with the initial samples that were brought into equilibrium with 0.02 M NaCl solution prior to contact with wine.
RESULTS AND DISCUSSION

Influence of Juices and Wine on the Characteristics of Anion-Exchange Membranes
From the data presented in Fig. 1 , it follows that regardless of the type of membranes, their electrical resistance increases sharply within the first 5-10 h of contact with wine or juice. Over the following hours, the growth rate of AOM resistance decreases. However, the membrane resistance increases over the entire observation period. The patterns of the dependences of resistance on the soaking time and the resistance values of the test membranes in grape juice and wine are alike, apparently, due to the similar chemical composition of these liquid media [7, 32, 33] . In view of this fact, we will further discuss only the data obtained after the contact of the membranes with wine. Note that the resistance of the membranes depends on their thickness. Therefore, the thicker MA-41P membrane (Table 1) has higher values of R in both the cases of the initial samples and the samples in contact with wine despite that its specific conductivity is close to the conductivity of other membranes in accordance with Eq. (1). In order to evaluate the effect of fouling on the ion-exchange material from which the membranes are made, it is necessary to compare the values of the specific conductivity of AOMs, which is related to the membrane resistance by Eq. (1). The least decrease in specific conductivity (by a factor of 12) within 72 h was observed for the heterogeneous membrane MA-41P (Fig. 2a) . The electrical resistivity of the homogeneous membranes decreases more significantly, by factors of 18 (AMX-Sb) and 25 (AMX) (Fig. 2a) . The counterion transport numbers T Cl after 30 h of contact of the membranes with wine were estimated for 0.50 M NaCl solution at 0.95 (AMX), 0.92 (AMX-Sb), and 0.64 (MA-41P) under the assumption that the diffusion permeability of these membranes remained unchanged. Based on the obtained values of electrical conductivity, it can be assumed that a longer contact with wine will lead to a further decrease in the selectivity of the membranes. However, any quantitative estimates cannot be made, since the measurement of the electrical conductivity and diffusion permeability of membranes in salt solutions (which is necessary for determining T Cl ) leads to partial leaching of the wine components from the membranes, as will be shown later. In parallel with the decrease in electrical conductivity, the AOM thickness increases, with the largest increase in this parameter compared with the initial sample being in the case of the heterogeneous MA-41P membrane (Fig. 2b) . Taking into account that all the initial membranes have similar chemical compositions of the ion-exchange matrices and fixed groups and, in addition, are characterized by approximately equal values of exchange capacity in the swollen state (Table 1) , it can be assumed that their behavior is associated with different pore sizes in AMX, AMX-Sb, and MA-41P. The pore size ratios of the test AOMs can be indirectly judged by the values of f 2 (Table 2) , which corresponds to the membrane volume fraction occupied by the electroneutral solution [27] . Indeed, from the experimental data obtained it follows that the increment in thickness of the membranes increases, while the degree of their fouling with wine components decreases with an increase in the value of f 2 found for the initial membranes that were not in contact with wine.
An increase in the membrane thickness is most likely a consequence of the stretching of the polymer ion-exchange matrix by highly hydrated carboxylic acid anions, anthocyanins, tannins, and other wine components introduced into it. This phenomenon is described in detail in [34] . The weaker the crosslinked polymer matrix, the more pronounced this effect. In addition, this growth may be due to a constant increase in size of colloidal particles, the main components of which are polyphenols [16, 17] , in membrane pores.
As noted in [12, 14, 18] , the decrease in membrane conductivity is apparently due to partial loss of exchange capacity by membranes due to ion-ion and dipole-dipole interactions of fixed AOM groups with wine components and colloidal particles formed by them. Another reason is that the formation of colloidal agglomerates in the central parts of meso-and macropores leads to a decrease in the mobility of anions and cations in the intergel space of the membrane structure [35] . It can be expected that this effect will be enhanced with decreasing pore sizes of the investigated membranes, which is in fact the case observed in the experiment (Fig. 2a) .
Infrared spectroscopy provides additional information about the chemical nature of foulants and their interactions with the anion-exchange membrane. The IR spectra of the surface of the membrane after contact with wine (AMX-Sb w ) display a number of peaks in the range from 1768 to 770 cm −1 . These peaks are absent in the case of the initial membrane (AMX-Sb), but are present in the "fingerprint" region of the wine spectrum (Fig. 3 ). This region is described in detail in the papers [36, 37] devoted to the identification of the component composition of wine.
Accurate identification of all wine components that are present in the membrane is a difficult task, so we will pay attention only to the components that can contribute to a better understanding of the membrane fouling and regeneration processes. In the region of 1768-1478 cm −1 , there are absorption bands of amides, as well as peaks characteristic of ester carbonyl groups. The accumulation of organic acids inside the membrane leads to the appearance of C=O bands at 1715 cm −1 (Fig. 3, inset a) and a peak at 1167 cm −1 , which corresponds to -COOH groups (Fig. 3, inset c) .
The spectra of all the membranes under study in the C=C vibration region (1650-1450 cm , identified in the IR spectrum of the initial AMX-Sb membrane, is typical of C=C bond stretching vibrations in the benzene ring of divinylbenzene in the polymer matrix [12] . In the case of AMX-Sb w , this peak shifts to 1604 cm −1 . Such an absorption band is present in the wine spec- (Fig. 3, inset b) in the sample (or on its surface). The peak at 1115 cm −1 corresponds to that found in the spectra of the wine. It indicates the presence of polysaccharides glucans and mannans [36, 37] in the membrane contacted with wine (Fig. 3, inset c) . However, in the case of wine (Fig. 3) , this peak is displayed at 1105 cm −1 . The shift of this peak indicates the possible interaction of polysaccharides with the membrane material. Polyphenols, polysaccharides, amino acids, and proteins identified in the IR spectra of AMX-Sb w , as a rule, form highly hydrated three-dimensional colloidal structures [1, 7] , which are capable of entering into electrostatic interactions with the fixed groups and matrix of the membranes.
Effect of Salt Regeneration on Membrane
Transport Characteristics It is known that one of the methods for regenerating ion-exchange materials in the food industry is their washing with solutions of inorganic salts [14, 18, 38, 39] . This method is based on the so-called salting-out effect [40] . The effect is caused by the partial dehydration of the polar groups of multiply charged carboxylic acids, amino acids, tannins, anthocyanins, proteins, and other organic compounds, as well as the partial loss of charge of colloidal particles formed by these substances when the salt ions appear near these particles. A decrease in electrostatic repulsion and reduction in size of the hydration shell leads to the degradation or agglomeration of colloidal particles. This method is often used to precipitate or, conversely, dissolve proteins and other organic substances [41] [42] [43] . So far, the method has not been applied to anionexchange membranes that have contacted with juice or wine. At the same time, in the event that fouling of such AOMs is accompanied by the formation of colloidal particles, it can be expected that they will be partly destroyed after treating the membranes with salt solutions and the degradation products of these colloidal particles will be removed via their diffusion into the external solution.
Figures 4-6 present the results of regeneration with NaCl solutions of AOM samples contacted with wine.
The regeneration of samples after contact with wine leads to partial restoration of their electrical conductivity even in the case of using a sufficiently dilute 0.02 M sodium chloride solution. The conductivity most rapidly grows within the first 3-5 h of contact of the membrane with the saline solution. After about 50 h, it reaches a constant value ranging from 35% (MA-41P) to 60% (AMX-Sb) of the conductivity of the initial samples.
An increase in the contact time of the test membranes with the wine has a negative effect on their regeneration process. For example, after 20-h soaking of the AMX-Sb membrane in 0.02 M NaCl solution, the degree of sample regeneration, which was defined as the ratio of the electrical conductivity of the regen- It is known that the salting-out effect for organic colloids is enhanced with increasing concentration of the electrolytes used [42] . Indeed, the degree of regeneration of wine-fouled samples increases with the increasing concentration of the regenerating NaCl solution (Fig. 5) and reaches 0.70 (AMX) and 0.85 (AMX-Sb) within 20 h of soaking in 0.50 M NaCl solution. Thus, this finding gives evidence for the occurrence of salting out in membrane pores. Apparently, salt regeneration leads not only to the destruction of colloids, but also to partial degradation of ionion and dipole-dipole interactions between them and fixed groups of membranes. As a result, the exchange capacity of the membranes and, hence, the conductivity of the regenerated samples increase. Part of the degradation products of colloidal particles seems to be removed from the membrane pores. As a result, the IR spectra of the AMX-Sb wr samples subjected to salt regeneration become close to the spectra characteristic of the initial AMX-Sb membranes (Fig. 3) . There are neither peaks indicating the presence of nucleotides (DNA and RNA) and phospholipids nor the peak due to polysaccharides. Leaching of organic acids from the AMX-Sb wr membrane leads to a decrease in the intensity of the C=O bands at 1715 cm −1 and the disappearance of the 1167-cm −1 peak (-COOH). In addition, the intensity of the peak due to C=C stretching vibrations of the benzene rings decreases after salt regeneration, and this peak shifts from the 1604-cm Note that the salt regeneration of AOMs after contact with wine leads to an increase in f 2 (Table 2) . Moreover, the magnitude of the volume fraction of the electroneutral solution in the membrane increases with the increasing contact time of the samples with wine. An increase in f 2 is accompanied by an increase in the integral diffusion permeability coefficient, P, 5 . Kinetic curves for the specific conductivity of (a) AMX and (b) AMX-Sb membranes after their contact with wine for 168 h (denoted by subscript w) and then transferred to one of the NaCl solutions. The data point symbols correspond to the given NaCl concentrations in these solutions. The data are normalized to the specific conductivity of the initial membranes in NaCl solutions of the relevant concentration (denoted by subscript NaCl). (Fig. 6a) . The observed change in these parameters confirms the validity of the assumption made in Section 3.1 about the reasons behind the increase in thickness of the membranes during their prolonged contact with wine. The diameter of microand/or mesopores of such membranes does indeed increase as a result of polymer matrix stretching due to both the introduction of highly hydrated substances into the membranes and the increase in size of colloidal particles. Salt treatment leads to partial degradation of these colloidal particles. As a result, the pore size of the regenerated membranes becomes larger than that of the initial membranes. It is important to emphasize that the estimates of the increment in f 2 depend on the conditions of the experiment. The fact is that the diffusion of degradation products from membranes lasts much longer than the period during which measurements were made. Therefore, the κ wr values found after regeneration with dilute solutions are, most likely, underestimated relative to the ideal values that can be expected after the complete removal of foulants from the membrane. This leads to overestimated f 2 values.
Apparently, the thicker the membrane and the smaller its pore size, the longer the time it takes for high-molecular degradation products to diffuse into the external saline solution. An indirect confirmation of this effect is provided by the following experimental facts. With the same volumes and concentrations of salt solutions and the same time of soaking the test AOMs in the solutions, the increment in P for the thinner AMX-Sb homogeneous membrane is about 35% over the entire NaCl concentration range (Fig. 6a) . For the thicker heterogeneous MA-41P membrane, the increment is as low as 15% in a 0.25 M solution and reaches 25% in a 2.0 M NaCl solution (Fig. 6a) . In the event that the membranes subjected to salt regeneration are approximately equal in thickness, the regeneration process proceeds more intensely on the one that has larger pores (Fig. 5, Table 2 ).
The understanding of the exact mechanisms of regeneration of the test membranes awaits further investigation. At the same time, the data obtained in this study (Fig. 6b) show that in the cases of sufficiently thin homogeneous membranes (AMX, AMX-Sb) and thick heterogeneous membrane (MA-41P), regeneration with the use of NaCl solutions makes it possible to almost completely recover the selectivity of anionexchange membrane that have contacted with wine, unless the time of this contact is too long.
CONCLUSIONS
Fouling of anion-exchange membranes with wine components leads to an increase in their electrical resistance by a factor of 30 or more and to an increase in their thickness. The course of the dependences and the values of resistance of the test membranes in grape juice and wine are alike, which is apparently due to the similar chemical composition of these liquid media. The reasons for the change in these characteristics compared to the initial membranes are as follows:
(1) the formation in membrane pores of strongly hydrated colloidal particles that enter into ion-ion and dipole-dipole interactions with fixed groups and the ion-exchange matrix;
(2) an increase in pore size due to stretching of the membrane ion-exchange matrix.
The impact of NaCl solutions leads to partial degradation of the formed colloidal particles by the salting out effect. The higher the salt concentration in the regenerating solution, the closer the conductivity values of the regenerated membranes are to the initial values. The removal of the degradation products of colloidal particles from the pores is apparently due to their diffusion into the external solution. The thinner the membrane and the larger its pores, the faster and more complete the regeneration process.
If the contact time of anion-exchange membranes with wine does not exceed 70 h, salt regeneration can almost completely restore their selectivity. For example, in the case of homogeneous AMX-Sb membrane, the transport numbers of the Cl − counterion in the initial and regenerated samples differ by no more than 1%. In the case of heterogeneous MA-41P membrane, this difference increases to 3%.
There is a good reason to hope that the results obtained in this study will be helpful for implementing the salt regeneration method in the practice of tartrate stabilization of wines by electrodialysis.
